Telomere integrity is critical for telomere function and genomic stability. We previously demonstrated that non-erythroid a-spectrin (aIISp) is present in mammalian cell nuclei where it is important in repair of DNA interstrand cross-links (ICLs) and chromosome stability. We now demonstrate that aIISp is also important for telomere maintenance after ICL damage. It localizes to telomeres in S phase after ICL damage where it has enhanced association with TRF1 and TRF2 and is required for recruitment of the ICL repair protein, XPF, to damage-induced foci at telomeres. In telomerasepositive normal cells depleted of aIISp by siRNA or in Fanconi anemia, complementation group A (FA-A) cells, where aIISp levels are 35-40% of normal, ICL damage results in failure of XPF to localize to telomeres, markedly increased telomere dysfunction-induced foci, followed by catastrophic loss of telomeres. Restoration of aIISp levels to normal in FA-A cells corrects these deficiencies. Our studies demonstrate that aIISp is critical for repair of DNA ICLs at telomeres, likely by facilitating the recruitment of repair proteins similar, but not identical, to its proposed role in repair of DNA ICLs in genomic DNA and that this function in turn is critical for telomere maintenance after DNA ICL damage.
INTRODUCTION
Spectrins are structural proteins that, in the cytoplasm of non-erythroid cells, participate in a number of cellular functions, which include providing mechanical support for the plasma membrane, protein sorting, organelle and vesicle trafficking, cell proliferation and signal transduction (1) (2) (3) (4) (5) . We have demonstrated that non-erythroid a-spectrin (aIISp) is present in mammalian cell nuclei, where it plays an important role in repair of DNA interstrand cross-links (ICLs) and is critical for chromosome stability. It preferentially binds to DNA containing an ICL; it co-localizes with the ICL repair protein, XPF, in damage-induced nuclear foci after ICL damage; it is needed for the production of incisions produced by XPF/ERCC1 at sites of DNA ICLs; and depletion of aIISp in normal human cells by siRNA leads to chromosomal instability and cellular hypersensitivity to DNA ICL agents (6) (7) (8) (9) (10) . We have proposed that aIISp acts as a scaffold and aids in the recruitment of repair proteins to the site of damage, enhancing the repair process and chromosome stability after DNA ICL damage (6, 7, 9 ).
An excellent model for studying the effects of a deficiency in aIISp is the genetic disorder, Fanconi anemia (FA), which is characterized by diverse congenital abnormalities, progressive bone marrow failure, chromosomal instability, a marked predisposition to develop cancer and a defect in ability to repair DNA ICLs (11) (12) (13) (14) . Of particular interest, cells from patients with FA have a deficiency in aIISp, with levels ranging from 35 to 40% of those found in normal cells, due to reduced stability of this protein, which we hypothesize is dependent on FA proteins (7, 10, (15) (16) (17) . These reduced levels of aIISp in FA cells correlate with decreased cell survival, decreased DNA ICL repair and decreased chromosome stability after ICL damage (2, 8, 10, 13, 18, 19) . We have hypothesized that aIISp is critical for chromosome stability and that decreased levels of it in FA cells are a factor in the chromosome instability associated with this disorder (7, 9, 10) .
Chromosome stability is also dependent on integrity of telomeres, which are specialized nucleoprotein structures at the ends of linear chromosomes that are critical for preserving genomic integrity by preventing chromosome ends from being treated as double-strand breaks (DSBs), thus preventing end-to-end fusions (20) (21) (22) (23) (24) (25) . Telomere dysfunction can be an important driving factor behind genomic instability (20) (21) (22) (23) (24) (25) (26) . Human telomeres consist of tracts of multiple tandem repeats of the sequence, TTAG GG, that is bound by the telomere-specific multiprotein complex, shelterin, which helps protect telomeres and prevents telomere dysfunction (20, 23, 24, 27) . Because aIISp is critical for both repair of DNA ICLs and chromosome stability, whether it is also critical for maintenance of telomere stability and function, particularly after DNA ICL damage, is an extremely important question that is addressed in the present article. Studies were undertaken to examine whether aIISp localizes to telomeres, whether damaging cells with a DNA ICL agent influences this association and whether loss of aIISp in cells affects telomere function and stability after ICL damage. Using telomerase-positive normal human lymphoblastoid cells and these lymphoblastoid cells in which aIISp had been knocked down, we present a novel finding that a portion of aIISp in the nucleus localizes to telomeres after ICL damage and is associated with the telomere-specific proteins, TRF1 and TRF2. Involvement of aIISp in ICL repair in telomeres is demonstrated by our finding that it is needed for the recruitment of the DNA ICL repair protein, XPF, to damage-induced foci at telomeres, just as it is in genomic DNA. Our studies also suggest that the mechanism of repair of ICLs at telomeres in these normal cells may be different or modified from that in genomic DNA because FANCD2, a protein involved in ICL repair in genomic DNA (12, 14, 28, 29) , does not localize to telomeres in these cells after ICL damage.
Of particular significance in the present studies, loss of aIISp leads to telomere dysfunction after ICL damage, which is characterized by the presence of telomere dysfunction-induced foci (TIF), followed by dramatic loss of telomeres and production of sister chromatid end-to-end fusions. The physiological importance of aIISp loss is demonstrated by studies on FA complementation group A (FA-A) cells in which similar telomere dysfunction and catastrophic loss of telomeres is observed after ICL damage. Restoration of levels of aIISp to normal in FA-A cells corrects telomere dysfunction. These studies demonstrate for the first time a role for aIISp in telomere maintenance after ICL damage, which in turn is critical for chromosomal stability, and we propose that aIISp's role in repair of DNA ICLs is important in this process.
MATERIALS AND METHODS

Cell culture and protein extracts
Normal human lymphoblastoid cells (GM3299) (Coriell Institute for Medical Research) and FA-A lymphoblastoid cells (HSC 72) (a gift from Dr. Manuel Buchwald, Toronto, Canada) were grown in RPMI 1640 medium (Hyclone) as previously described (6, 15) . Whole cell extracts were obtained by resuspending cells in an Extraction Buffer (Biovision Inc.) and following the manufacturer's protocol.
Treatment of cells with ICL agents
siRNA-transfected normal and FA-A cells were treated with mitomycin C (MMC) (100-400 nM) (Sigma-Aldrich, Corp) or 8-methoxypsoralen (8-MOP) (3.5 mM) (SigmaAldrich) plus two doses of irradiation with UVA light 24 h after transfection, as previously described (7, 9, 10) . Cells were collected 16 or 24 h after ICL treatment for further analysis.
Co-immunoprecipitation of proteins and immunoblot analysis
For examination of co-immunoprecipitation (IP) of TRF1 and TRF2 with aIISp, whole cell extracts from normal cells, either treated with MMC (400 nM) or untreated, were prepared. Anti-TRF1, anti-TRF2 (Santa Cruz Biotechnology)or rabbit IgG (Sigma-Aldrich Corp.) were bound to protein A-coated agarose beads (Sigma-Aldrich Corp.) and the binding reactions and IPs were carried out as previously described (6, 10, 15) . The IPs were subjected to SDS-PAGE, transferred to nitrocellulose and immunoblotted as described (6, 10, 15) . The primary antibody used was Anti-aIISp (mAb 1622, Chemicon). Immunoblots were developed using Pierce Ultra chemiluminescent substrate (Pierce, Thermo Scientific) and then exposed to X-ray film (6, 15) . Images were scanned using a Hewlett-Packard ScanJet 4c/T scanner and analyzed with ImageQuant (Molecular Dynamics).
For analysis of levels of aIISp, TRF1 and TRF2 in normal and FA-A cells, undamaged or damaged with MMC, whole cell lysates were subjected to SDS-PAGE and western blot analysis as previously described (6, 10, 15) . Topoisomerase (Calbiochem) was used as a loading control. Immunoblots were probed with the antibodies described above.
siRNA transfection siRNA against m-calpain nucleotides (GUGAAGGAGU UGCGGACAA) and aIISp nucleotides (AAGAUUCC UAUCGAUUCCAGUUU) were purchased from Dharmacon and a control non-target (Nt) siRNA was from Qiagen. Normal cells were transfected with Nt or aIISp siRNA (100 pM) and FA-A cells were transfected with Nt or m-calpain siRNA (300 pM) using Lipofectamine 2000 Transfection Reagent (Invitrogen Inc.) as previously described (9, 10) . Cell survival was assessed using trypan blue exclusion.
Cell synchronization using centrifugal elutriation
Normal cells were resuspended in 1Â phosphate buffered saline (PBS) containing 5 mM EDTA. A Beckman JE-5.0 elutriation rotor (fed by a master flex pump) (Cole Parmer model 7520-25) was used to separate cells by centrifugal elutriation into G1, S and G2/M phase of the cell cycle. Cells were then stained with propidium iodide and analyzed using FACS Calibur (Becton Dickinson) and ModFit LT V3.1 software (Verity Software House).
Metaphase spreads and chromosome analysis
Normal cells transfected with either aIISp or Nt siRNA were incubated for 24 h at 37 C, 5% CO 2 , and then treated with MMC (100 nM) and incubated for an additional 24 h. Colcemid (0.1 mg/ml) (Sigma-Aldrich Corp.) was added 22 h after MMC and incubation continued for 2 h. The cells were harvested, swollen in hypotonic solution, fixed and slides stained with Giemsa as previously described (9, 10) . At least 100 metaphases from each group were scored for chromosomal aberrations.
Metaphases were viewed using a Leitz DMRB microscope (Leica) equipped with a DEI-750 analog camera (Optronics) at 40Â. Images were imported into a computerized imaging system using Image Pro-Plus 6.0 (Media Cybernetics).
Telomere FISH on metaphase spreads
Normal cells transfected with Nt or aIISp siRNA and FA-A cells transfected with Nt or m-calpain siRNA were either undamaged or treated with MMC and incubated as above. Metaphase spreads were prepared as described above and chromosomes stained with a telomere-specific Cy3-labeled peptide nucleic acid (PNA) oligonucleotide probe with the DNA sequence [CCCTAA] 3 (Panegene) as described (30, 31) . Briefly, slides with the metaphase spreads were dehydrated by consecutive incubations in 70, 95 and 100% ethanol. After air-drying, hybridizing solution containing the PNA probe was added and spreads were denatured for 3 min at 80 C. Spreads were hybridized for 2 h in a humidified chamber in the dark at room temperature and then washed in 70% formamide, 10 nM Tris-HCl and 0.1% bovine serum albumin (BSA), followed by two washes in 0.1 M Tris-HCl, 0.15 M NaCl and 0.08% Tween-20. After air-drying, Slowfade antifade reagent (Invitrogen) containing DAPI to counterstain the chromosomal DNA was added to the spreads. At least 4600 chromosomes from each group were scored for the presence of telomeric signals on each of the chromatids in five independent experiments. Chromosomes were viewed using a Zeiss Axiovert 200 M (Carl Zeiss international) microscope at 100Â. Images were imported into a computerized imaging system using AxioVision software (Carl Zeiss International).
Immunofluorescence and immunoFISH
Normal and FA-A cells, either non-transfected or transfected with the siRNAs described above, were treated with 400 nM MMC 24 h after transfection. The cells were harvested 16 h post damage and examined for nuclear localization of aIISp, TRF1, TRF2, XPF and FANCD2 using immunofluorescence as previously described (7, 9, 10) . For immunoFISH, cells were processed for immunofluorescence analysis as described (7, 9, 10) , stained with PNA probe (Panagene) to detect telomeric DNA and counterstained with DAPI for localization of chromosomal DNA, as described (30, 31) . Briefly, cells were fixed in 4% paraformaldehyde at room temperature, permeabilized with 0.2% Triton-X and then incubated in blocking solution (10% goat serum or 4% BSA) for 1 h followed by a 1 h incubation with anti-a-spectrin (mAb 1622, Chemicon), anti-XPF (Santa Cruz Biotechnology) or anti-FANCD2 (Novus Biologicals (30, 31) . Briefly, cells were treated and prepared as described above using a primary antibody against gH2AX (Upstate Biotechnology) and secondary antibody Alexafluor 488 goat anti-mouse IgG conjugate. Slides were then incubated in hybridization buffer at 85 C for 5 min, followed by 2 h in the dark at room temperature in a humidified chamber as described above.
Images were acquired using a Zeiss Axiovert 200 M epifluorescence microscope (Carl Zeiss international). Image processing was carried out with AxioVision Rel 4.6.3 software (Zeiss). To analyze and quantitate the number of nuclear foci, images were acquired as z-stacks using a Â 63/1.4 oil immersion lens (32) . In each z-stack, six to eight optical slices were counted for each cell, and the total number of nuclear foci in all of the optical slices in each cell was quantitated. Three hundred cells were counted in each experiment, and each experiment was independently repeated five times. Stacks were separated by 0.2-0.5 mm.
RESULTS
Knock-down of aIISp in normal human cells leads to an increase in chromosomal aberrations (sister chromatid end-to-end fusions and breaks) after damage with a DNA ICL agent
We previously showed that knock-down of aIISp by siRNA leads to chromosome instability and a deficiency in DNA ICL repair (9) . We now asked what the impact of loss of aIISp is on formation of chromosomal aberrations after damage with a DNA ICL agent. Normal human lymphoblastoid cells were transfected with aIISp siRNA or Nt siRNA. Because complete loss of aIISp from cells is lethal (9, 33, 34) , we knocked down aIISp to levels that were 40% of normal, where cell survival was $85% of normal (9) . These are similar to levels of aIISp found in FA-A cells (7, 15) . After 24 h, cells were either mock treated or treated with MMC. Metaphase spreads from cells in which aIISp had been knocked down but not treated with MMC showed an increase in chromosomal aberrations to 4.6 per metaphase compared with 0.2 in Nt siRNA-transfected normal cells ( Figure 1A and B and Supplementary Table S1 ). This is similar to the level of spontaneous chromosomal aberrations reported for FA-A and other FA cell lines (35, 36) . As ICLs can arise endogenously in cells from processes of cellular metabolism, such as lipid peroxidation (37) (38) (39) , these chromosomal aberrations in undamaged cells may be a result of failure to repair these lesions. After the cells were treated with MMC, however, there was a further and significant increase (P < 0.0001) in chromosomal aberrations in aIISp siRNA-treated cells to 12 aberrations per metaphase ( Figure 1B and Supplementary Table S1); 100% of these cells showed chromosomal aberrations. In contrast, in Nt siRNA-treated normal cells after MMC, this number increased to only 1.4 aberrations per metaphase ( Figure 1B and Supplementary Table S1 ).
In MMC-treated cells in which aIISp had been knocked down, the highest proportion (65%) of these chromosome aberrations were sister chromatid end-to-end fusions ( Figure 1B ), 17% were chromatid breaks and the rest were chromosome end-to-end fusions and exchanges/ radials (Supplementary Table S1 ). These findings indicate that knock-down of aIISp in normal human cells and their subsequent damage with a DNA ICL agent leads to a significant increase in chromosome instability as evidenced by the significantly increased chromosomal aberrations, which were observed.
aIISp is present at telomeres and co-localizes and physically associates with TRF1 and TRF2 after ICL damage
Telomeres are essential for chromosome stability, and telomere dysfunction can be an important driving factor in chromosome instability (20) (21) (22) (23) (24) . To determine whether aIISp may have a role in telomere function, studies were undertaken to determine whether aIISp associates with telomeres and whether this association is influenced by DNA ICL damage. Immunofluorescent staining against aIISp in conjunction with fluorescence in situ hybridization (FISH) using a telomeric Cy3-conjugated peptidenucleic acid (PNA) probe (immunoFISH) was carried out. Quantitation of co-localization of aIISp with the PNA probe was based on the total number of foci colocalizing in each cell ( Figure 2B ). aIISp had a diffuse pattern of localization in the nucleus in undamaged cells ( Figure 2A ). However, 16 h after MMC treatment, aIISp localized in discrete nuclear foci (Figure 2A ), as we have previously shown and which are presumed to be at sites of DNA ICLs (7, 9, 10) . Almost half (49%) of these foci colocalized with the PNA probe as determined by counting the number of yellow foci in the merged images of aIISp and PNA foci (Figure 2A and B). The images shown in Figure 2 represent only one optical slice from a cell. A 16 h time point was chosen because we have previously shown that at this time after ICL damage (MMC or 8-MOP plus UVA) the maximum number of aIISp foci appear (7). We then examined whether aIISp associated with two of the proteins of the shelterin complex bound to telomeres, TRF1 and TRF2, and the effects of DNA ICLs on this association. ImmunoFISH analysis using immunostaining for TRF1 (red) or TRF2 (red) showed that 16 h after MMC treatment, a portion of aIISp co-localized with TRF1 and TRF2 ( Figure 2A ): 49% of the aIISp foci co-localized with TFR1 foci and 46% with TRF2 foci ( Figure 2B ). Similar results were obtained when the colocalization of aIISp with the PNA probe and TRF1 and TRF2 foci were examined using a different DNA ICL agent, 8-MOP plus UVA light (Supplementary Figure  S1) . Neither MMC nor 8-MOP plus UVA light damage had an effect on the number of TRF1 or TRF2 foci observed at telomeres or on the cellular levels of TRF1 or TRF2 as determined by western blot and comparison with the loading control, topoisomerase (Supplementary Figure S2) . These results indicate that aIISp co-localizes and physically associates with telomeric DNA and with TRF1 and TRF2 at telomeres after ICL damage.
Co-immunoprecipitation studies were also undertaken to ascertain whether aIISp interacts with TRF1 or TRF2 in vivo. The results showed that aIISp had some association with TRF1 and TRF2 in extracts from undamaged normal human cells ( Figure 2C ), and that this association was greatly enhanced after cells were exposed to MMC. This suggests that after exposure of cells to a DNA ICL agent, a portion of aIISp in the nucleus co-localizes with TRF1 and TRF2 at telomeres.
aIISp localizes to telomeres in S phase after ICL damage
To investigate whether the localization of aIISp foci to telomeres after ICL damage occurred during any specific phase of the cell cycle, normal cells were damaged with MMC and separated into phases of the cell cycle using centrifugal elutriation. Cell cycle progression was analyzed by fluorescence-activated cell sorting. Clean separation of cells into G1, S and G2/M was observed ( Figure 3) . Localization of aIISp to telomeres was examined by immunoFISH. The results showed that after MMC treatment, aIISp formed foci and co-localized with TRF1 during S phase ( Figure 3 ). As telomeres have been shown to replicate during S phase (40), these results suggest that after ICL damage, aIISp associates with telomeres when they are replicating.
Knock-down of aIISp in normal cells results in loss of localization of aIISp to telomeres after ICL damage similar to that observed in FA-A cells in which there are similarly reduced levels of aIISp
We have previously shown that knock-down of aIISp by siRNA results in loss of aIISp foci in the nuclei of normal cells after MMC damage (9) . The present studies show that 16 h after MMC treatment, there is also a loss of localization of aIISp to telomeres in the nuclei of normal cells transfected with aIISp siRNA (Figure 4A and C). In contrast, we saw normal co-localization of aIISp foci with TRF1 foci at telomeres in MMC-treated Nt siRNA cells ( Figure 4A ). As noted above, as complete loss of aIISp is lethal to cells, levels of aIISp knock-down were adjusted to 40% of normal, which were similar to the reduced levels of aIISp we have found in FA cells (9, 10, 15) . At these levels, cell survival was 85% of normal (9) . Examination of FA-A cells, in which levels of aIISp are 35-40% of normal, showed that 16 h after MMC treatment, there were few aIISp foci localized to TRF1 at the telomeres ( Figure 4A ).
Knocking down aIISp in normal cells had no effect on the total cellular levels of TRF1or TRF2, as determined by western blot analysis (Supplementary Figure S3) , nor did it lead to a reduction of telomeric TRF1 or TRF2 or the PNA probe at telomeres in cells 16 h after MMC treatment as shown for TRF1 in Figure 4A and the PNA probe in Figure 5A . Similarly in FA-A cells, in which aIISp levels are reduced, levels of total cellular TRF1 and TRF2 were similar to normal in both MMC-damaged and -undamaged cells, using topoisomerase as a loading control (Supplementary Figure S2) ; there was also no reduction in telomeric TRF1 or TRF2 ( Figure 4A ) or PNA probe ( Figure 6 ). This indicates that aIISp is not needed for association of TRF1 or TRF2 with the telomeres in either damaged or undamaged cells.
We have previously shown that levels of aIISp in FA-A cells and formation of aIISp nuclear foci in these cells after ICL damage can be restored to normal when m-calpain, a protease that cleaves aIISp, is knocked down (10) . In the present study, restoration of levels of aIISp in FA-A cells to normal by m-calpain siRNA also led to the co-localization of aIISp with TRF1 at telomeres 16 h after MMC treatment ( Figure 4B ). Approximately 47% of the aIISp foci co-localized with TRF1 foci in the MMC-treated FA-A cells after m-calpain knockdown, similar to the percentage of aIISp foci (49%) colocalizing with TRF1 in normal cells after MMC treatment ( Figure 4C ). These results thus show that, in FA-A cells, a deficiency in aIISp results in loss of localization of aIISp to telomeres after MMC damage and that restoration of aIISp levels to normal leads to localization of a portion of aIISp to telomeres after MMC damage, just as in normal cells. m-Calpain knock-down had no effect on localization of TRF1 or TRF2 to telomeres in undamaged or MMC-damaged FA-A cells ( Figure 4B ) or on cellular levels of TRF1 or TRF2, as determined by western blot analysis and comparison with the loading control, topoisomerase (Supplementary Figure S4) .
Loss of aIISp leads to telomere dysfunction and formation of TIF, especially after ICL damage
To assess whether loss of aIISp leads to telomere dysfunction, normal cells, in which aIISp had been knocked down, and FA-A cells were examined for the presence of gH2AX foci at telomeres. gH2AX foci are markers for DNA DSBs and have been used as an indicator of dysfunctional telomeres (30, (41) (42) (43) . Accumulation of gH2AX signals at telomeres (TIFs) was determined by examination of gH2AX foci that overlapped with telomeres and were identified by immunoFISH using gH2AX antibodies and a telomere-specific probe ( Figure 5A ). Cells were considered TIF positive if they contained five or more gH2AX foci that co-localized with the telomere PNA probe. These foci were imaged in consecutive z-planes and at shallow z-section to minimize coincidental overlap. Quantitation of TIFs showed that the fraction of TIF-positive Nt siRNA-transfected normal cells was 3% ( Figure 5B ). After knock-down of aIISp, the percentage of TIF-positive normal cells increased to 10%. Treatment of aIISp siRNA-transfected cells with MMC, however, lead to a significant increase (P < 0.0001) in TIF formation, with the percentage of TIF-positive cells increasing to 47% (Figure 5A and B) . This was significantly greater (P < 0.0001) than the percentage of TIF-positive cells in MMC-treated Nt siRNA-transfected normal cells ( Figure 5B ). Thus, aIISp knock-down in normal cells leads to telomere dysfunction after ICL damage as evidenced by a significant increase in TIF-positive cells.
FA-A cells were also examined for telomere dysfunction after ICL damage because levels of aIISp in these cells are 35% of normal (7, 15) . In undamaged FA-A cells, the percentage of TIF-positive cells (11%) was similar to that observed in normal cells in which aIISp had been knocked down (Figures 5B and 6) . After MMC damage, Normal cells, transfected with either Nt siRNA or aIISp siRNA were treated with MMC (400 nM). Co-localization of TIF (gH2AX foci) with the PNA probe was examined 16 h after MMC treatment using immunoFISH and staining with anti-gH2AX antibody (green) and a Cy3-labeled telomere-specific PNA probe (red). Nuclear DNA was counterstained with DAPI (blue).Pictures were taken by z-stack. Only one optical slice is displayed. Arrows points to co-localizationof gH2AX with the PNA probe. (B) The percentage of TIF-positive cells containing !5 telomeric gH2AX foci was quantitated. Three hundred cells were scored for TIFs, and the results represent the mean of five independent experiments. Student's t-test was used to calculate statistical significance. Error bars: SEM ***P < 0.0001. the number of TIF-positive Nt siRNA-transfected FA-A cells significantly increased (P < 0.0001) to 45%, which was similar to the percentage of TIF-positive normal cells after transfection with aIISp siRNA and treatment with MMC. To determine whether restoration of levels of aIISp in FA-A cells could result in a decrease in TIF formation after MMC damage, levels of aIISp were restored to normal by knocking down m-calpain. In MMC-treated FA-A cells in which m-calpain had been knocked down, there was a significant (P < 0.0001) decrease in the number of TIF-positive cells; 23% of the cells were now TIF positive, which is similar to the percentage of normal human cells (26%), which were TIF positive after MMC damage ( Figures 5B and 6 ). These data suggest that increased TIF formation observed in FA-A cells after MMC damage is due to loss of aIISp in these cells and that restoration of levels of aIISp to normal reduces TIF formation to levels similar to normal.
aIISp deficiency leads to a catastrophic loss of telomeres after DNA ICL damage Along with the presence of TIFs and chromatid end-toend fusions, another indicator of telomere dysfunction is loss of telomeres or signal-free ends (SFEs). To determine whether depletion of aIISp leads to telomere loss and whether MMC damage has an effect on this, normal cells in which aIISp had been knocked down by siRNA were either mock-treated or damaged with MMC and metaphase chromosomes examined by FISH using a PNA probe. The incidence of telomere loss per chromosome, quantified as frequency of SFEs, was determined. The frequency of SFEs per chromosome in normal cells after aIISp siRNA was 0.7, which was greater than the 0.08 observed in Nt siRNA-treated normal cells ( Figure  7A and B) . However, after 24-h treatment with MMC, the frequency of SFEs per chromosome in normal cells after . In FA-A cells, TIF formation is increased after MMC treatment, and after knock-down of m-calpain in these cells, it is decreased. FA-A cells, transfected with either Nt siRNA or m-calpain siRNA, were treated with MMC (400 nM). Formation of TIF (gH2AX foci) and their co-localization with a PNA probe was examined 16 h after MMC treatment using immunoFISH and staining with anti-gH2AX antibody (green) and a Cy3-labeled telomere-specific PNA probe (red). Nuclear DNA was counterstained with DAPI (blue). Pictures were taken by z-stack. Only one optical slice is displayed. Arrows point to co-localization of gH2AX with the PNA probe. aIISp knock-down significantly increased (P < 0.0001) to three SFEs per chromosome compared with the one SFE observed in MMC damaged Nt siRNA-transfected cells ( Figure 7A and B). The data are the mean values of five independent experiments in which 4600 chromosomes in 100 metaphases were counted in each experiment. As FA-A cells have a deficiency in aIISp, it was of particular interest to examine whether they show an increase in SFEs on chromosomes following ICL damage. In undamaged FA-A cells, the frequency of SFEs per chromosome was 0.9, which was significantly greater (P < 0.0001) than observed in undamaged Nt siRNA-transfected normal cells and was similar to that observed in undamaged aIISp siRNA-transfected cells ( Figures 7B and 8) . After MMC treatment for 24 h, this frequency significantly increased (P < 0.0001) to three SFEs per chromosome ( Figure 7B be a factor in telomere loss after MMC, levels of aIISp were restored to normal by knock-down of m-calpain. This resulted in a significant decrease (P < 0.0001) in the frequency of SFEs per chromosome after MMC to $1, which was similar to the frequency of SFEs observed in MMC-damaged normal cells (Figures 7B and 8) . These results thus indicate that aIISp depletion, due to either knock-down by siRNA or to reduction as is found in FA-A cells, leads to catastrophic loss of telomeres after MMC damage. Thus, collectively these studies indicate that loss of aIISp in cells leads to telomere dysfunction after ICL damage.
Normal cells
FA-
aIISp is required for localization of the ICL repair protein, XPF, to telomeres after ICL damage
Telomere dysfunction after ICL damage in cells in which there is a loss of aIISp could be due to failure to repair ICLs at telomeres. We have previously shown that aIISp is involved in repair of DNA ICLs (6) (7) (8) (9) (10) . Another protein demonstrated to play a role in ICL repair is the structure-specific endonuclease, XPF/ERCC1 (44) (45) (46) (47) (48) (49) (50) . XPF/ERCC1 has also been shown to be important in regulation of telomere function and integrity; $1% of nuclear XPF associates with TRF2 at telomeres; the rest is dispersed throughout the nucleus (51) (52) (53) (54) . Whether XPF plays a role in the DNA damage response in telomeres after DNA ICL formation is not known. We have shown that aIISp associates with XPF/ERCC1 (55) . We have also demonstrated that aIISp is needed for the localization of XPF to damage induced nuclear foci in normal cells after ICL formation and that when there is a deficiency in aIISp, as occurs in FA cells or in normal cells after aIISp knock-down, XPF foci do not form after ICL damage (7, 9, 10) . We now show that aIISp is also needed for the localization of XPF to damage-induced foci at telomeres after ICL damage. In normal cells, XPF is present in a diffuse pattern throughout the nucleus ( Figure 9A and 10A of the XPF foci formed after MMC damage co-localized with TRF1, TRF2 and the PNA probe, respectively ( Figure 9B-D) . This proportion of XPF co-localizing with telomeres compared with non-telomeric DNA 16 h after ICL damage could reflect a longer persistence of XPF foci at sites of damage due to a longer repair time. The same could hold true for aIISp. However, by 24 h after ICL damage, we have previously shown that no aIISp or XPF foci are visible, indicative of repair having taken place (7) . Another possibility is that ICLs preferentially occur in telomeric DNA, hence the increased localization of aIISp and XPF at telomeres. It is also possible that there is enhanced recruitment of aIISp and XPF to ICL-damaged telomeres.
We then examined whether aIISp is required for the co-localization of XPF with telomeres. In cells in which aIISp had been knocked down and which were treated with MMC, XPF was present in a diffuse pattern throughout the nucleus and formed few foci; none were detectable co-localizing with TRF1 ( Figure 10A ). As we have previously shown, knocking down aIISp had no effect on the levels of XPF in these cells (9) . The importance of aIISp in the localization of XPF to telomeres after MMC damage was further highlighted by the demonstration that in FA-A cells, in which levels of aIISp are significantly reduced, XPF was found in a diffuse pattern in the nucleus, few XPF foci were observed and there was no co-localization of XPF with TRF1 ( Figure 10A ). However, when levels of aIISp were restored to normal in FA-A cells by knockdown of m-calpain, XPF formed nuclear foci and a subset of these signals co-localized with TRF2 at telomeres after MMC treatment ( Figure 10B ). Thirty-six percent of XPF foci co-localized with TRF1 foci, which is similar to the levels of co-localization found in normal cells after MMC damage ( Figure 10C ). These results indicate that aIISp is required for localization of XPF to telomeres after ICL damage and suggest that XPF may be important in the repair process and possibly in telomere stability after ICL damage.
FANCD2 does not localize to telomeres after ICL damage
A protein shown to be important in DNA ICL repair in genomic DNA is FANCD2, a component of the FA pathway, which resolves ICLs encountered during replication (14, 28, 29) . Studies were carried out to determine whether FANCD2 localized to telomeres after ICL damage. In undamaged normal cells, some spontaneous FANCD2 foci formed (Supplementary Figure S5A and B), as has been previously shown (28, 56) . After treatment of these lymphoblastoid cells with MMC, immunoFISH showed that there was a significant increase (P < 0.0001) in the number of FANCD2 foci that formed in the nucleus 16 h after treatment compared with the number of foci in undamaged cells (Supplementary Figure S5A and B) . However, only 10% of these foci localized with the PNA probe at telomeres (Supplementary Figure S5A and B) . This suggests that FANCD2 is not involved in repair of ICLs at telomeres in these lymphoblastoid cells, in contrast to its demonstrated involvement in ICL repair in genomic (non-telomeric) DNA (12,14,28,29,56) . In FA-A cells, FANCD2 did not form nuclear foci after ICL damage (Supplementary Figure S5A) .
DISCUSSION
We have previously shown that aIISp is present in the nucleus of normal human cells, where it plays an important role in the repair of DNA ICLs and chromosome stability (6) (7) (8) (9) (10) . The present studies demonstrate that aIISp is particularly important in maintaining chromosome stability after DNA ICL damage, as evidenced by our data, which show that in normal cells, after knock-down of aIISp by siRNA and subsequent damage with a DNA ICL agent, MMC, there is a significant increase in number of chromosomal aberrations, the majority of which are sister chromatid end-to-end fusions. These chromosomal aberrations could be related to a defect in repair of DNA ICLs.
Telomeres are critical structures which, with their unique complex of associated proteins, maintain chromosome stability by protecting the ends of chromosomes; loss of telomeres can lead to sister chromatid end-to-end fusions and to genomic instability (20, (22) (23) (24) (25) (26) . As our studies show that aIISp is critical for chromosome stability, particularly after ICL damage, whether it plays a role in maintenance of telomere function is an important question and one which is addressed in the present study. We have previously demonstrated that after cells are damaged with a DNA ICL agent, either MMC or 8-MOP plus UVA light, aIISp localizes to foci in the nucleus, presumably at sites of ICLs on DNA and that foci formation is maximum at 16 h after ICL damage, after which time the number of foci decrease, presumably as repair takes place, and are no longer visible by 24 h post damage (7, 9) . The present results present a novel finding that, at 16 h after ICL damage (either MMC or 8-MOP plus UVA light), a portion of these aIISp foci localize to telomeres, co-localizing with two telomere-specific proteins in the shelterin complex, TRF1 and TRF2. aIISp also had enhanced affinity for TRF1 and TRF2 after cells were damaged with MMC. TRF1 and TRF2 have been demonstrated to interact with or recruit specific proteins important for telomere function, including those known to act in DNA repair reactions and DNA damage signaling (20, (57) (58) (59) (60) . These interactions can be transient as required for specific telomere functions (60) . It is possible that after ICL damage, TRF1 and TRF2 recruit aIISp to the telomeres, where it is involved in the repair of the ICLs formed in telomeric DNA. aIISp may also be localizing directly to the site of an ICL in the telomeric DNA. We have previously demonstrated that aIISp binds directly to DNA containing a 8-MOP plus UVA light ICL (6) . Human telomeres contain long tandem repeats of TTAGGG sequences. These sequences are potential targets for ICL formation by photoactivated 8-MOP, which preferentially forms ICLs at TA sequences on DNA (61, 62) . Studies on human fibroblasts suggest that 8-MOP plus UVA irradiation causes ICL formation at telomeres (63) . Repair of ICLs at telomeres, particularly at the time of replication, could be critical for telomere maintenance and function.
The kinetics and mechanism of ICL repair at telomeres, however, have not been examined and to date are unknown.
aIISp may play an important role in repair of DNA ICLs at telomeres. It could act as a scaffold in recruitment of repair proteins to the sites of damage. In support of this view, the present results show that after ICL damage, aIISp is needed for the recruitment of XPF to telomeres. Loss of aIISp from cells, such as in normal cells after aIISp knockdown or in FA-A cells, results in failure of XPF to localize to telomeres after ICL damage. Restoration of levels of aIISp to normal in FA-A cells reverses this. These studies thus suggest that aIISp plays an important role in the repair process at telomeres through its recruitment of DNA repair factors such as XPF to telomeres after ICL damage similar to its role in recruitment of XPF to ICL-induced foci in genomic DNA (7) .
In mammalian cells, there is no consensus as to the exact sequence of events involved in ICL repair in genomic DNA and all of the proteins involved in this process; however, the FA pathway has been shown to play an important role in the resolution of ICLs encountered during DNA replication in genomic DNA (14, 29, 56) . A major protein involved in this pathway is FANCD2 (12, 14, 28, 29) . Although in the present study there was a significant increase in association of FANCD2 foci with genomic (non-telomeric) DNA after MMC treatment, FANCD2 foci did not localize to any extent with telomeres after ICL damage. This suggests that FANCD2 is not involved in ICL repair of telomeric DNA in these cells, as it is of genomic DNA. The lymphoblastoid cells used in these studies express telomerase. In human cells, telomeres are maintained and chromosome ends extended during DNA replication either by a pathway in which there is expression of telomerease, a ribonucleoprotein enzyme complex, or by activation of telomerase-independent pathways (64) (65) (66) (67) (68) (69) (70) . Highly proliferating cells, bone marrow, peripheral blood cells, stem cells and 85-90% of cancer cells express telomerase (71, 72) . Results similar to the ones described here have been reported for telomerase-expressing HeLa cells (56) . In these studies, after treatment of cells with MMC, FANCD2 foci did not co-localize with telomeric DNA but were found to be associated with nontelomeric DNA in the nucleus (56) . These studies also showed that in three cell lines, which used a telomeraseindependent pathway termed alternative lengthening of telomeres (ALT), following MMC treatment, FANCD2 foci co-localized with TRF2 at telomeres as well as with genomic DNA, suggesting an involvement of FANCD2 in the repair response at both telomeric and non-telomeric DNA. Our present results combined with these studies suggest that in telomerase-positive cells, FANCD2 is not involved in ICL repair at telomeres, whereas it is involved in telomerase-negative ALT cells. We propose that aIISp plays an important role in ICL repair at telomeres in telomerase-expressing cells, where it acts in facilitating recruitment of proteins involved in the ICL damage response similar, but not identical, to its proposed role in repair of DNA ICLs in genomic DNA. As our studies suggest that in telomerase-expressing cells FANCD2 plays a role in repair of ICLs in genomic but not telomeric DNA, we further propose that a different or modified mechanism of ICL repair could be involved in repair of ICLs at telomeric DNA compared with genomic DNA in these cells. As telomeric DNA has a different sequence structure and a unique complex of proteins associated with it, it would not be unreasonable to postulate that there could be differences in the repair pathways used at telomeres compared with genomic DNA. It will be of interest in future studies to examine the involvement of aIISp in ICL repair in telomerase-negative cells.
Our present finding that aIISp localizes to telomeres in S phase after ICL damage suggests that it is important in maintenance of telomere function during DNA replication in ICL-damaged cells. Telomeres undergo DNA replication in S phase (40) . DNA ICLs can lead to blocking of DNA replication and to production of stalled replication forks in genomic DNA in S phase (29, (73) (74) (75) . Similarly, production of DNA ICLs during replication of telomeres may challenge replication and lead to stalled replication forks. If unrepaired, these could lead to failure to efficiently restart replication and result in production of aberrant telomeric structures and telomere dysfunction. It could be hypothesized that aIISp is recruited to ICLs at these stalled replication forks, which occur in S phase, and is needed in the recruitment of DNA damage response factors and for damage signaling and repair reactions at telomeres that would aid re-initiation of the stalled replication fork.
The importance of aIISp in telomere maintenance after ICL damage was demonstrated by studies that examined normal cells for telomere dysfunction following knockdown of aIISp by siRNA or in FA-A cells in which levels of aIISp were only 35% of normal. One of the indicators of telomere dysfunction used was examination of the TIF response in which the co-localization of g-H2AX with a telomeric probe at telomeres was assessed. The presence of TIFs has been used as an index of telomere dysfunction (30, (41) (42) (43) . We found that loss of aIISp in normal cells leads to a significant increase in percentage of TIF-positive cells 16 h after damage with MMC. g-H2AX localizes to sites of DNA DSBs and has been used as a marker for DSB induction (76, 77) . Thus the present studies indicate that loss of aIISp leads to accumulation of more DNA DSBs at telomeres, especially after ICL damage, as evidenced by the increased number of H2AX foci co-localizing with telomeres. This may be occurring at stalled replication forks, as discussed below, where single-and double-stranded DNA breaks arise when stalled replication forks fail to be efficiently restarted (43) . In the present case, stalled replication forks may be occurring at sites of unrepaired ICLs. Aberrant DNA replication could subsequently lead to DSB production. As knock-down of aIISp and/or MMC treatment had no effect on cellular levels of TRF1 or TRF2 or their localization on telomeres, this indicates that TIF formation was not due to loss of TRF1 or TRF2 and their protective effects on the telomere. An excellent human model for examining the physiological effects of loss of aIISp on telomeres is FA. In FA-A cells, levels of aIISp are 35% of normal owing to reduced stability of this protein, which we have proposed is dependent on FA proteins (7, 10, (15) (16) (17) . These cells are also defective in repair of DNA ICLs (8, 10, 11, (13) (14) (15) . We found that in FA-A cells, TIF formation is significantly increased after ICL damage and levels were similar to those found in MMC damaged normal cells in which aIISp had been knocked down. That aIISp is important in preventing TIF formation and telomere dysfunction after ICL damage is demonstrated by our studies, which show that after levels of aIISp in FA-A cells were restored to normal by knocking down m-calpain, a protease that cleaves aIISp and has elevated activity in FA-A cells (10, 78, 79) , the percentage of TIF-positive cells after MMC treatment was reduced and was similar to that found in MMC-treated normal cells. This indicates that some repair of DNA ICLs in telomeric DNA has taken place in these cells.
Another indicator of telomere dysfunction is loss of telomeres. Loss of telomere repeat sequences can occur through a variety of mechanisms (22, 26) . One important mechanism proposed is that stalled replication forks within telomeres result in replication fork collapse, which leads to formation of DNA DSBs and to subsequent telomere breakage and loss (22, 26, 43, 80) . This increases the likelihood of sister chromatid fusion or other gross chromosome rearrangements (22, 26) . Our results demonstrate that knock-down of aIISp in normal cells leads to a catastrophic loss of telomeres, which is particularly significant 24 h after ICL damage. We have previously shown that, in normal human cells, by 24 h after ICL damage (either MMC or 8-MOP plus UVA), aIISp foci are no longer visible in the nucleus, presumably owing to repair of ICLs by that time and dispersal of the proteins in the foci at the completion of the repair process (7, 9, 10) . However, after aIISp knock-down in normal cells, there is loss of formation of these foci at 16 h after ICL damage, which correlates with decreased repair of ICLs (9) . We thus hypothesize that, by 24 h after ICL damage in aIISp siRNAtransfected cells, reduced levels of aIISp prevented efficient repair of telomeric ICLs during S phase, resulting in replication fork stalling. This in turn leads to incomplete telomere replication and formation of telomeric DSBs. The formation of DSBs in the telomeric DNA promotes the dramatic telomere loss observed by 24 h after ICL damage. aIISp would thus be critical in the processing of ICLs during telomere replication, potentially through recruitment of repair factors such as XPF, as has been demonstrated in the present study, thereby suppressing stochastic loss of telomeres and telomere dysfunction. The physiological importance of aIISp in preventing the catastrophic loss of telomeres, which occurs after ICL damage, is further shown by our studies using FA-A cells. In FA-A cells, after damage with MMC, there was also a catastrophic loss of telomeres, which was similar to that found in MMC-treated normal cells in which aIISp had been knocked down. The importance of aIISp for ICL processing events and telomere maintenance after ICL damage is additionally demonstrated by our finding that restoring levels of aIISp to normal in FA-A cells, by knocking down m-calpain, leads to reduction in telomere loss to levels found in MMC-treated normal cells.
A similar catastrophic loss of telomeres has been observed in hematopoietic stem cells from mice in which there was deletion of a telomere-binding protein, CTC1, which was shown to facilitate telomere replication by promoting efficient restart of stalled replication forks (81) . Depletion of this protein hindered efficient replication of telomeres by hindering efficient restart of stalled replication forks, which in turn led to catastrophic telomere loss (81) . Telomere loss was not due to deprotection of the telomeres because localization of shelterin components on telomeres was not affected by deletion of CTC1 (81) . This is similar to what we observe in our system after depletion of aIISp. We hypothesize that aIISp, like CTC1, is also needed for efficient restart of stalled replication forks at telomeres but that aIISp is specific for replication forks stalled owing to the presence of ICLs; loss of aIISp leads to failure of ICL repair, which in turn leads to failure of efficient restart of stalled replication forks and dramatic loss of telomeres.
Telomere loss can generate a variety of chromosome alterations; sister chromatid end fusions are frequent among these (22, 26) . We have shown that 24 h after MMC damage to cells in which aIISp has been knocked down, a number of chromosomal aberrations are observed, the most frequent of which are sister chromatid end-to-end fusions. These chromatid end fusions correlate with loss of telomeres 24 h after MMC damage. Similar types of chromosomal aberrations have been observed in FA cells after ICL damage (35, 36) . It is thus possible that these reported chromosomal aberrations in FA cells are in part due to loss of telomeres. The present studies thus indicate that, in FA-A cells, loss of aIISp and telomere dysfunction after ICL damage may be an important mechanism involved in development of the chromosomal instability observed in FA.
Our studies have demonstrated that in FA-A cells knocking down m-calpain, so as to restore aIISp levels back to normal, leads to reversal of a number of the defects observed after ICL damage in both telomeres and genomic DNA (10) and that this occurs in the absence of a functional Fanconi anemia FANCA protein. These include recruitment of repair proteins such as XPF to sites of damage, decreased TIFs and loss of telomeres, restoration of DNA repair and an increase in cell survival and chromosome stability. We have proposed that one critical function of the FANCA protein, and potentially other FA proteins, is maintenance of aIISp stability in the cell (10, 16, 17) . This could be an end point for FANCA function. When this end point is achieved by alternate means (i.e. restoration of aIISp levels), then those functions depending on this end point, such as recruitment of repair proteins to the site of an ICL and telomere stability after ICL damage, would be enabled and the presence of FANCA would not be as critical. This view is further supported by our studies, which show that in normal cells in which aIISp has been knocked down, XPF foci do not localize to sites of damage after ICL damage and DNA repair is not carried out, even though the levels of FANCA are normal in these cells (9) . This indicates that the presence of FANCA, itself, is not enough to aid in recruitment of repair proteins such as XPF to sites of damage. Hence, in these particular aspects of the repair process, the role of FANCA may be indirect.
The present studies thus demonstrate an important role for aIISp in maintenance of telomere function after ICL damage, which we propose is related to its role in repair of DNA ICLs. Three different telomeric phenotypes associated with telomere dysfunction are observed after ICL damage when there is a loss of aIISp, due either to its knock-down in normal cells or its deficiency in FA-A cells. These are as follows: (i) increased TIF formation, (ii) dramatic loss of telomeres and (iii) formation of sister chromatid end-to-end fusions. Furthermore, in FA-A cells, restoration of aIISp levels to normal leads to correction of these deficiencies. These studies also suggest that, in telomerase-expressing cells, there is a different or modified mechanism of ICL repair of telomeric DNA compared with that used by genomic DNA. Thus we propose that aIISp plays a critical role in the nucleus in repair of ICLs at telomeres in telomerase-expressing cells, where it aids in recruitment of proteins important in the DNA damage response similar, but not identical, to its proposed role in repair of DNA ICLs in genomic DNA.
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